A B S T R A C T 11 normal obese subjects were fasted for 33 days. In five, who served as controls, urine urea nitrogen excretion remained constant for 2 wk thereafter. The other six were given seven daily infusions containing 6-8 mmol each of the a-keto-analogues of valine, leucine, isoleucine, phenylalanine, and methionine (as sodium salts) plus 3-4 mmol each of the remaining essential amino acids (lysine, threonine, tryptophan, and histidine). Rapid amination of the infused ketoacids occurred, as indicated by significant increases in plasma concentrations of valine, leucine, isoleucine, alloisoleucine, phenylalanine, and methionine. Glutamine, glycine, serine, glutamate, and taurine fell significantly. Blood glucose, ketone bodies, plasma free fatty acids, and serum immunoreactive insulin concentrations were unaltered. Urine urea nitrogen fell from 1.46 to 0.89 g/day on the last day of infusions; 5 days later it was still lower (0.63 g/day) and in two subjects studied for 9 and 17 days postinfusion it remained below preinfusion control values. Urine ammonia, creatinine, and uric acid were unaltered. Nitrogen balance became less negative during and after infusions. The results indicate that this mixture of essential amino acids and their keto-analogues facilitates nitrogen sparing during prolonged starvation, in part by conversion of the ketoacids to amino acids and in part by altering mechanisms of nitrogen conservation. The latter effect persists after the ketoacids are metabolized. 
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INTRODUCTION
During prolonged fasting in man, a progressive reduction occurs in external losses of nitrogen. The mechanism of diminished urea formation has been studied in some detail. The principal amino acids released from muscle during prolonged fasting, as well as in the postabsorptive state, are alanine and glutamine (1-3).
Release of both of these amino acids falls during prolonged starvation (2, 3) . Alanine is the principal amino acid for hepatic gluconeogenesis (4) and its nitrogen is then used for urea synthesis. Glutamine is principally taken up by the intestine (5) (6) (7) and by the kidney (8) .
In the intestine, this uptake results in the release of urea precursors into the portal vein (9) . In the kidney the uptake of glutamine results chiefly in the formation of urinary ammonia (10) . Thus in prolonged starvation, reduced splanchnic uptake of alanine and glutamine contributes to diminished urea formation (3, 4) .
Keto-analogues of five of the essential amino acids are aminated both in liver and muscle of normal rats (11) .
They can serve as dietary substitutes for the corresponding amino acids in growing rats (12) and also in normal and uremic men (13) (14) (15) (16) (17) . The present studies were undertaken to determine whether these compounds can further promote nitrogen conservation during total starvation in obese human subjects. Since these keto-analogues reduce the concentration of glutamine in the perfused rat liver and to a lesser extent the concentration of alanine in perfused rat muscle (11) , they might reduce the amounts of nitrogen derived from the catabolism of these two amino acids and requiring disposal as urea. These compounds may also reduce the loss of nitrogen from muscle by replenishing stores of limiting essential amino acids.
A complete mixture (five keto-analogues and four amino acids) was used on the premise that the carbon skeletons of all nine essential amino acids would be required to promote nitrogen conservation. We have assumed in these studies that histidine is essential in normal subjects, as recently reported in preliminary form by Kopple and Swenseid (18) . Urea excretion did indeed decrease when this mixture was infused, and nitrogen balance became less negative. Unexpectedly, enhanced nitrogen conservation persisted for as long as 17 days after the infusions were discontinued.
METHODS
Stubjects. 11 normal obese female subj ects were admitted to the Johns Hopkins Clinical Research Center to undergo therapeutic weight loss by starvation. The mean ages, wxeights, and heights of these subjects were 33 yr, (range 21-43), 119.6 kg (range 93-137 kg) and 168 cm (range 160-175 cm), respectively. 3 of the 11 subjects (2 in the experimental group and 1 in the control group) exhibited mild glucose intolerance. After each was fully informed of the purposes and risks of undergoing the protocol, consent was obtained. A multivitamin capsule was given dcaily. Distilled water was provided ad lib.
Five of the six subjects in the experimental group were starved for 33 days, when a steady state of urea nitrogen excretion was established. On the 34th day of starvation, the first of seven daily infusions of the a-keto-analogues of valine, leucine, isoleucine, methionine, and phenylalanine (as sodium salts) and the amino acids L-histidine, L-tryptOphan, L-threonine, and L-lysine monohydrochloride were administered intravenously in 250 ml water over a 3-h period. The infusions each contained keto-val,' 6.9 mmol; keto-leu, 8.48 mmol; keto-phe, 6.12 mmol; keto-ile, 5.79 mmol; keto-met, 7.42 mmol; L-histidine, 3.48 mmol; Lthreonixe, 4 .2 mmol; L-tryptophan, 1.22 mmol; and L-lysine monohydrochloride, 3.48 mmol. These amounts represent approximately the minimal daily requirements for these amino acids defined by Rose (see reference 17), plus histidine. They were given between 10:30 a.m. and 1 :30 p.m. The total nitrogen content was 0.36 g/day. The sixth subject was starved for 22 days and then received infusions containing one and one-half times these quantities of ketoacids but identical amounts of the amino acids. In this patient, infusions were administered on the 1st and 4th through 7th days of a 7-day study period. No side effects of the infusions were noted. In four of these subjects starvation was continued for 5-17 days after cessation of the infusions.
Inifitsions. The sodium salts of the ketoacids were synthesized as previously described (17) . Sodium phenylpyruvate was first added to sterile, pyrogen-free water by heating. The remaining compounds, which dissolve readily without heating, were then added. The solution was then sterilized by 'Abbreviations used in this paper: keto-ile, a-keto-pmethylvaleric acid; keto-leu, a-ketoisocaproic acid; ketomet, a-keto-y-methiylthiobutyric acid; keto-phe, phenylpyruvic acid; keto-val, c2-keto-isovaleric acid; AcAc, acetoacetate; f-OHB, 8-hydroxybutyrate; IRI, immunoreactive insulin.
Millipore filtration (Millipore Corp., Bedford, Mass.) and dispensed into vials containing 50 ml each. All of these operations were conducted in a laminar flow hood. One vial was tested for sterility and pyrogenicity according to U. S. Pharmacopeja procedures. The remaining vials were stored at -20'C until use. At the time of infusion, a vial was thawed in warm water and then diluted to 250 ml with sterile pyrogen-free water. This solution was administered within 4 h of thawing from a foil-covered flask through a Millipore filter.
Blood and urine collections. Blood samples were obtained only in the experimental group. "Arterialized" blood samples (19) for determination of plasma amino acids, blood glutamine, and blood ketone bodies were collected from a superficial vein in the dorsum of the hand after the subject's arm had been immersed in hot water for 15 min. The mean Po2, measured in all samples, was 81+2 mm Hg. All other analyses were carried out on venous blood. Blood was obtained before, 1 h after, and 18 h after the first infusion, and again 7 days later, before and 1 h after the last infusion. Additional blood samples were obtained periodically while fasting continued for 5-17 more days.
Daily 24-h urine collections were obtained using mineral oil, thymol, and chloroform as preservatives. Sulfosalicylic acid supernates of plasma for amino acid analysis and perchloric acid supernates for glutamine analysis were prepared promptly. Urine samples and protein-free supernates of plasma were stored at -20'C until analyzed.
Chemical determinations. Plasma amino acids were determined on a Beckman Amino Acid Analyzer (model 121, Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). Whole blood acetoacetate (AcAc), 8-hydroxybutyrate (p8-OHB), glucose, pH, plasma FFA, and total CO2 content and serum immunoreactive insulin (IRI) were measured by the methods cited previously (20) . Glutamine was measured according to Lund (21) . Serum urea nitrogen was measured by diacetyl monoxime (11), while urine urea nitrogen was determined by a Technicon AutoAnalyzer (Technicon Instruments Corp., Tarrytown, N. Y.) (22) .
Urine ammonia was measured by the Kaplan method (23) . Urine pH was determined with a Radiometer glass electrode (Radiometer Co., Copenhagen) coupled to an Orion pH meter (Orion Research, Inc., Cambridge, Mass.). ThePo, of arterialized blood was determined with the Clark electrode (Blood Gas Analyzer, 313, Instrumentation Laboratory, Inc., Lexington, Mass.). Nitrogen balance was calculated from measured intake (attributable only to infused amino acids) and total urinary nitrogen calculated as the sum of urea, ammonium, creatinine, and uric acid. This sum approximates total urinary nitrogen (17) . Defecation occurred rarely during the study period. Skin and fecal losses of nitrogen were ignored.
Statistical analysis. The statistical significance of measured changes in each subject was examined by Student's t test for paired samples. The presence of a steady state of urine urea nitrogen excretion in the control period preceding administration of the ketoacid-amino acid mixture, and also in the control group of five subjects, was verified in this way. Values for each subject's daily urine urea nitrogen excretion, from day 34 on, were compared with mean values for days 29-33 of starvation.
Plastna amino acid concentrations on the morning before the first infusion were not significantly different from morning values preceding the last infusion. They have therefore been combined. Immediate postinfusion changes in plasma amino acids, FFA, blood AcAc, p-OHB and Fig. 1 ).
Alloisoleucine, which was too low to measure in preinfusion samples, rose to 27.9±4.9 sM. When alloisoleucine and isoleucine are combined, the increments in each amino acid varied in the sequence isoleucine + alloisoleucine > valine > leucine > methionine > phenylalanine, and totaled 210±30 AM (n =5). The average increments in plasma concentrations of those amino acids present in the infusion (threonine, lysine, and histidine; tryptophan was not measured) was 18±9 AM (n=3).
Only the increase in threonine was significant (P < 0.05. This may reflect the somewhat smaller quantities of amino acids infused, or a different temporal course of plasma concentrations for the two groups of compounds. The concentrations of several amino acids decreased significantly. When measured 1 h post-infusion, plasma glycine and blood glutamine decreased substantially, while small but significant decreases occurred in taurine, serine, and glutamate. The total of these decrements was 140 iAM.
By the morning after infusion, all amino acid concentrations (with the exception of alloisoleucine) had returned to preinfusion values (Table I) . Since no significant change other than in alloisoleucine was detectable between the first and last infusion day in morning values for plasma amino acid concentrations, these repeated infusions induced no progressive alterations in amino acid concentrations. Measurements made 5-10 days after the infusion period, in the four subjects who continued to fast, revealed no significant changes except that alloisoleucine again became unmeasurably low.
Total plasma ketoacids were measured 1 h postinfusion in two subjects. The increase was 0.31 mM. As noted previously (11) , this method measures a-ketoglutarate and pyruvate, as well as the ketoacids infused, but does not measure AcAc or a-ketoglutaramate. Since the total ketoacids infused amounted to 35 mmol, and the concentration of these compounds in normal muscle and liver is about half of that in plasma (11) , intravenous equilibration throughout their volume of distribution in a subject of 60 kg lean body mass would have resulted in a plasma concentration of approximately 1 mM. Thus the observed increment in plasma concentration again suggests the rapid rate of metabolism of these compounds (11) .
Nitrogen balance and excretion. Urinary urea nitrogen excretion (Fig. 2) in the infused subjects fell progressively during the infusion period. The control value of 1.46±0.22 g/day observed on the 33rd day of starvation fell to 0.88±0.14 g/day (P < 0.01) on the last day of the infusion period. On the 5th day after cessation of the infusions, the daily urine urea nitrogen excretion of 0.75+0.09 g/day was still significantly lower (P < 0.025) than the control value. In the two subjects studied for 9 and 17 days, respectively, after infusions, urea nitrogen excretion was 0.62 and 0.78 g/day on the last day. In the one subject infused after 22 days of fasting, control urea nitrogen excretion was 2.64±0.16 g/day during the last 5 days before administration of ketoacidamino acid infusions. When the values from this subject are included with the other five subjects undergoing infusions, the mean daily urea nitrogen excretion on the last day of the control period was 1.58±0.21 g/day, significantly higher (P < 0.025) than on the last day of infusion (0.82±0.13 g/day).
The upper panel of Fig. 2 (5) of infusions (5) later (4) Urinary ketone bodies AcAc, mmol/day 1442 19±3* 13±2
j#-OHB, mmol/day 87+7 123±11* 81±6
* Significantly different from preinfusion day and 5 days postinfusion (P < 0.01).
0.36 g/day on the last day of ketoacid infusions. Nitrogen balance on the 5th day after stopping infusions, -3.27± 0.29 g/day was still less negative (P < 0.05) than the control nitrogen balance. Significant increases (Table   II) in the excretion of both AcAc and p-OHB were observed when the last day of the infusion period was compared with the last day of the control period or the 5th day of the postinfusion period. There were no significant changes in blood glucose, blood ketone bodies, plasma FFA, or serum IRI concentrations (Table II) .
In the one subject examined, the increased rate of ketone body excretion was accompanied by a rise in sodium excretion from 3.0 to 58.9 meq on the last days of the control and infusion period, respectively, reflecting the administration of the sodium salts of the ketoacids. There can be little doubt that conversion of the ketoanalogues to the corresponding amino acids occurs under these conditions. The rapid increase in plasma concentrations of these specific amino acids, and no others (except those present in the infusion) is strong presumptive evidence. The only conceivable alternative is an effect of ketoacids on amino acid distribution. In previous studies on normal rats (11) , no evidence could be found for an effect of these compounds on the distribution of amino acids between cells and plasma.
Although this conclusion seems certain from the qualitative viewpoint, quantitative estimates of amination vs. degradation rates of these ketoacids cannot be inferred from these observations. The reduction in urinary urea nitrogen excretion during the infusions eventually approximated the amount of nitrogen that would have been required to aminate the infused ketoacids (0.49 g/day). But the persistence of this reduction in urea excretion during the ensuing week shows that attempts to estimate the efficiency of ketoacid utilization on this basis are futile.
It is also of interest that this progressive reduction in urea excretion ocurs without a progressive change in individual plasma amino acids. The morning after infusion, concentrations of all measured amino acids had returned to preinfusion levels. Furthermore, there was no difference between the preinfusion values on the 1st and 7th days, or between these values and those observed 5-10 days after the last infusion. The improvement in nitrogen balance could be attributable to enzymatic or hormonal alterations or to altered metabolism of carbohydrate or fat. However, the measured parameters of carbohydrate and fat metabolism were unaltered except for a modest increase in ketonuria. Since this latter effect was not observed in the week after infusions, while improved nitrogen conservation persisted, it is unlikely to be of any significance in explaining the results. IRI concentrations in serum also remained constant, at the low value characteristically observed in prolonged starvation (10).
Glucagon was not measured. Glucagon levels are occasionally elevated in prolonged fasting (26) . Furthermore, glucagon promotes gluconeogenesis (27) , and stimulates activity of urea cycle enzymes in the liver (28) . Thus a reduction in glucagon levels might lower urea formation in fasting. Amino acids most effective in stimulating glucagon release include asparagine, glycine, and phenylalanine (29) . However, no evidence has been presented that glucagon, at physiological levels, alters urea formation in man.
In the postinfusion week, urea formation was reduced despite unaltered plasma amino acids. This must mean that amino acid release from muscle was diminished. The major amino acids released from muscle in fasting are alanine and glutamine (1-3). Conceivably, cellular stores of essential amino acids may have been repleted during infusions, even though preinfusion plasma concentrations were constant. Increased availability of these essential amino acids may promote anabolism in muscle.
The specific amino acids that decreased immediately postinfusion were glutamine, taurine, glycine, serine, and glutamate. The fall in glutamine is to be expected in view of previous observations of the effects of these compounds in the isolated perfused rat liver (11) . Glutamine was identified as the major nitrogen donor for aminating these ketoacids in liver, either indirectly or directly (via glutamine transaminase). No explanation for the particular involvement of glycine, serine, or taurine is apparent. Glutamate probably decreased owing to transamination or deamination.
Other minor differences existed between the control and experimental groups: for example, a small increase was observed in plasma pH and bicarbonate in the infused subjects; sodium intake was greater by 35 meq; and the infused ketoacids, if oxidized, could have yielded a small source of energy (less than 30 cal). Evidence is lacking that small changes in pH or sodium balance modify nitrogen excretion during starvation. We have previously reported (20) that daily administration of 30 cal to starving subjects does not alter excretion.
These experiments show that when physiologic mechanisms for conserving nitrogen during starvation reach a maximum, nitrogen losses can be further reduced by infusion of ketoacids. No toxicity or metabolic derangements were observed and no accumulation of ketoacids in plasma occurred. Further experiments will be necessary to establish the optimal mixture and dosage of these compounds for minimizing nitrogen wastage, as well as their efficacy early in starvation, when nitrogen losses are far greater.
